Background. Current evidence on the relationship between human papillomavirus (HPV) DNA detection and menstrual cycle has been inconsistent.
Accumulating evidence has suggested a menstrual cycle effect on the detection of human papillomavirus (HPV) DNA, although current evidence is inconsistent and circumstantial. Studies that compared HPV prevalence in pregnant versus nonpregnant women showed that HPV detection could be affected by a woman's hormonal status [1, 2] . For example, while HPV prevalence was generally lower among women in the postpartum than in the prepartum period, the temporal pattern was not consistent across the 3 gestational terms [1, 2] . Reeves et al [3] and de Villiers et al [4] also noticed substantial intraperson variability in HPV detection in cohorts of nonpregnant women, and suggested that this could be due to temporal variation.
To date, reported effects of hormonal fluctuation within a menstrual cycle on the performance of HPV DNA testing in nonpregnant women have been inconsistent (Table 1) [5] [6] [7] [8] [9] [10] [11] [12] . Van Ham et al [9] followed 20 women of regular menstrual cycles who visited a fertility clinic in the Netherlands for 4 weeks and obtained weekly cervical swabs for HPV DNA testing. The investigators found short-term fluctuations in HPV prevalence within a menstrual cycle, with the follicular phase being associated with a peak in HPV detection. Later, some studies [12, 13] presented similar findings, while others [7, 8, 10] did not. In a large cohort of women (n = 5060) with a history of abnormal cervical cytology over the previous decade, Sherman et al [11] found that, during a 2-year followup period, higher HPV viral load and more low-grade squamous intraepithelial lesion cytology were reported in midcycle (11-20 days since last menstrual period) specimens taken from women with HPV infection. In contrast, Schmeink et al [12] showed a higher HPV prevalence of high-risk types in the follicular phase and a decreasing trend toward the later phase of a cycle among nonoral contraceptive pill (non-OCP) users.
In the current study, we sought to investigate whether a periodic pattern in detectable HPV DNA exists, and whether there was a relationship between detectable HPV DNA and the menstrual cycle. To more fully understand the complexity of the dynamic changes in HPV detection, we attempted to evaluate the interrelationships among HPV prevalence, sexual activity, and bacterial morphology of the vagina. Using time series analysis, we were able to fully utilize information repeatedly collected from a small number of subjects over multiple menstrual cycles. Time series analysis enabled the comparison of multiple sets of serially measured data, while adequately controlling for serial correlation [14, 15] .
METHODS

Study Design and Population
We analyzed HPV testing results from archived swabs from a previous study on vaginal douching cessation. The study design and characteristics of the study population were published elsewhere [16] . Briefly, the study began with a 4-week ( phase I) observation followed by a 12-week ( phase II) cessation intervention. Eligible women enrolled between December 2005 and March 2007 included those who reported having regular menstrual cycles. Ethical approval for the primary study was obtained from the Institutional Review Boards of the Johns Hopkins University School of Medicine. All participants provided written informed consent before enrollment. As vaginal douching has not been shown to affect HPV DNA detection ability [17] and we did not find empirical evidence for an effect of douching on HPV detection, the current analysis included swabs taken by women who completed both phases I and II follow-up, who were positive for 1 or more HPV types during the study period, and who reported no OCP use at the baseline interview ( Figure 1 ).
Data Collection
Experienced research nurses interviewed women at the baseline visit and at the end of phase II to collect demographic information such as age, race, educational background, and contraceptive use history as well as recent sexual activity (at baseline and at the end of phases I and II). None of the participants reported a change in contraceptive use during follow-up. Over the 16-week study period, women also kept daily diaries on menstrual bleeding, sexual activities, personal hygiene practices, and the use of medications, including topical antimycotics. All women entered the study on the first day of a menstrual cycle and selfcollected midvaginal samples twice per week at prespecified days in the cycle (day 2, 6, 9, 13, 16, 20, 23, 27, etc.) consecutively for 16 weeks. One experienced microbiologist read and scored all sample slides to assign a Gram stain score of 0-10 according to the standardized method described by Nugent et al [18] . A Nugent score of 0-3 represents normal, 4-6 represents an intermediate state, and 7 or higher is indicative of bacterial vaginosis (BV). To differentiate from clinical BV, the latter was termed Nugent-score BV by Martin [19] . Extracted DNA from vaginal swabs [20] was genotyped using the Roche HPV Linear Array (LA) according to the manufacturer's instructions. The detection limit was 10-100 viral copies per polymerase chain reaction (PCR) test. Each PCR test cells/mL); and 6 no-DNA (negative) controls [21] . When all positive controls were positive for human β-globin and the intended PCR genotype (and no others) as well as when the negative controls were completely negative, a PCR batch was considered valid. Otherwise, the procedure was repeated for the same batch. The current analysis included only valid PCR results.
Statistical Analysis
We employed descriptive analyses in initial characterizations of HPV positivity and other measures. We constructed time series data from serially measured point prevalence of HPV (of any type, of high-risk [HR] types, and of multiple types), vaginal sex activity, condom use, and Nugent score ≥7. Specifically, for HPV data, a series of point prevalence estimates was calculated at the prespecified sampling times since study entry. We allowed for temporally misplaced HPV testing results when women missed the sampling schedule by 1 or 2 days. We excluded measurements when women missed the scheduled sampling time by 3 or more days. These measurements, as well as those skipped by women entirely, were treated as missing. We similarly derived other univariate time series for covariates of interest. To better reflect the temporal variability in HPV detection at the genotype level, we constructed a time series of average HPV percent-type positivity. For each woman, we calculated percenttype positivity by dividing the number of positive HPV types by 37 genotypes tested. We used the average percent-type positivity across individuals at each sampling time in further analysis.
We first estimated the degree of serial correlation in each time series data using sample autocorrelation function (ACF) and partial autocorrelation function (PACF) [22, 23] . Next, we employed spectral analysis to explore whether a time series data had a periodic pattern. We applied the fast Fourier transform algorithm when calculating sample spectrum, which distributed variation of the data over a possible range of frequency. In doing so, we identified a dominant frequency at which each time series data repeated itself [23] . We further performed bootstrapping to quantify the uncertainty surrounding the serial prevalence estimates by resampling individuals with replacement at each sampling time.
We used linear regression to identify a potential trend or periodicity in HPV prevalence. We added "days since the first day of the first menstrual cycle" in a linear and/or a quadratic form as well as an indicator for menstrual cycles (range 1-4) separately and in possible combinations. In addition, we attempted the following categories for menstrual phases: weekly (1-7th, 8-14th, 15-21st, 22-28th day); 10-day category (1-9th, 10-20th, 21-28th day) [11] ; van Ham's category (2-3rd, 7-11th, 12-15th, 20-24th) [9] ; modified van Ham's category (2-3rd, 4-6th, 7-11th, 12-15th, 16-19th, 20-24th, >24th day; with no gaps between levels). We relied on Akaike information criteria to select among competing models. Assuming weak temporal correlation in repeated HPV DNA detection, we further applied logistic regression with generalized estimation equation (GEE) methods to examine whether HPV detection varied by menstrual phases. While adjusting for a potential cycle-specific effect, we specified a working correlation of independence for the serially collected swabs results [24] .
Lastly, we evaluated pair-wise interrelationships among detectable HPV DNA and covariate time series before and after removing the trend or periodicity (cyclic) component. We then employed the Ljung-Box test to ensure that, after removing the potential trend and/or cyclic component, the model residuals were close to independently and identically distributed random variables [25] . Finally, for each pair of trend-and periodicityremoved time series data, we estimated the intercorrelation using a cross-correlation function (CCF). We performed all analysis in R [26] with a 2-tailed significance level of 0.05, except for descriptive analysis, using Stata 11 [27] .
RESULTS
Overall, among 33 participants who completed both phases I and II follow-up of the original study, 28 (84.8%) tested positive for at least 1 type of HPV and contributed 812 self-collected vaginal swabs over the 16-week study period. After excluding 6 individuals who reported OCP use at baseline, 1 woman with only 1 documented menstrual cycle over the full course and 8 swabs that were redundantly collected, we included 21 women (595 swabs) for the current analysis (Figure 1 Table 2 shows demographic characteristics and sexual exposure risks for 21 women included in the current analysis as well as for 28 women ever shown positive over the study period. In general, women included in the study were of middle age (median, 39; IQR, 37-43) and predominantly non-white. Most women were sexually active at baseline (90.5%) or at follow-up (76.2%). At baseline, the majority reported ever having 5 or more lifetime sex partners (70.0%) or monogamy with a current partner over the past 12 months (85.7%). Few women reported condom use at baseline (33.3%) or at any time during the study (28.6%).
Altogether, 73.5% of the 595 vaginal swabs were positive for 1 or more types of HPV DNA (range, 61.1%-85.0%; Table 3 ). The point prevalence for HR types was low and showed a large variation (range, 15.0%-50.0%), whereas the prevalence of multiple types of HPV detected on a single swab at any given time fluctuated around a median of 30.8% (IQR, 26.3%-36.8%). The average percent-type positivity remained low at follow-up (range, 2.9%-5.6%). Prevalence of women with a Nugent score ≥7 also varied substantially during the course of follow-up, ranging from 5.3% to 43.8% (Table 3) . Table 3 provides additional descriptions of HPV prevalence and other covariates over time. Of note, Figure 2 suggests a periodic pattern of menstruation by clearly marking the beginning of each menstrual cycle for the first 2-3 cycles, against which the temporal pattern of other covariates were less remarkable.
Autocorrelation and Periodicity
According to the Ljung-Box test, none of the time series examined showed statistically significant autocorrelation in sample ACF or PACF (data not shown). We observed a maximum autocorrelation in any-type HPV prevalence at lag 14 days (ACF, −0.24), which was not statistically significant (P = .282). In contrast, we noticed a statistically significant autocorrelation at lag 28 days in menstruation data (ACF, 0.43; P = .003) but the strength of correlation diminished after removing the linear dependence among the in-between time lags (PACF, 0.21), suggesting that the observed periodicity was confounded by autocorrelation.
In spectral analysis, we recovered 28.0 days (bootstrapped median, 28.0; IQR, 28.0-28.0) as a dominant periodic frequency of the menstruation time series (Table 4 ). Both any-type HPV prevalence and HPV percent-type positivity also showed a periodicity of 28.0 days (bootstrapped medians, 28.0; IQRs, 22.4-28.0) whereas HR-(bootstrapped median, 22.4; IQR, 12.4-112 days) or multiple-type HPV prevalence (bootstrapped median, 56.0; IQR, 28.0-112 days) did not show any particular regularity (Table 4 ). In contrast, prevalence of BV changed every 8 days (bootstrapped median, 8.6; IQR, 8.0, 56), whereas vaginal sex activity (empirical period, 12.4 days) or condom use (empirical period, 7 days) varied on a nearly biweekly or weekly basis. Bootstrapping results provided nearly the same degree of uncertainty for the mean frequency estimate of all the time series considered, except for the menstruation and sexual behavior data (Table 4) . 
Variability Within a Menstrual Cycle
In a linear model, there was a linear decreasing trend from early to late menstrual phases for HR-HPV prevalence (β for the linear term, −0.0034; P = .031). However, neither any-type prevalence nor HPV percent-type positivity was statistically associated with sampling times in a menstrual cycle (data not shown). Table 5 summarizes results of fitting GEE models to the (8-time point) time series data. The implicit assumption that the periodicity in HPV prevalence was synchronous to a menstrual cycle had support from the earlier spectral analysis. In all categorization systems employed, the periovulatory phase was consistently associated with a higher yield of HPV detection. (Table 5) . Results for multiple-type HPV detection and for HPV percent-type positivity were essentially similar (Table 5) .
Cross-Correlation Analysis
According to sample CCF, there was no significant cross-correlation among HPV detection and covariate time series considered, with the exception of a single pair: any-type HPV prevalence and menstruation data. Before removing the temporal correlation in each of the pair, the 2 series were significantly cross-correlated at 2 lags (CCF −10.5 days ,0.41;CCF −35 days , 0.43), suggesting that a peak in HPV prevalence was followed by (the beginning of ) menstruation 9-12 days later (or 35-40 days later, representing 9-12th days of the next cycle). This finding Figure 2 . Heat maps of time series data for HPV prevalence and covariates with adjustment for row mean. Serially measured point prevalence estimates for HPV data and covariates of interest were plotted against the sampling times in the x-axis. Each row represented deviations of the point prevalence at each sampling time from its own overall mean. The shades reflected the magnitude of the deviation, with a lighter (darker) shade indicating a larger negative ( positive) difference from its overall mean. As shown in the color key and histogram on the top left corner, most time series fluctuated around its overall mean, except for the menstruation data whose cyclic pattern was quite evident with a period of 28 days (or, equivalently, every 8 swabs) in the first 2-3 cycles. Abbreviations: BV, bacterial vaginosis HPV, human papillomavirus.
was consistent with the GEE results, which showed that HPV detection was at its peak around the periovulatory stage, declining afterward (Table 3 ). This HPV-menstruation pair of time series was negatively correlated contemporaneously (ρ, −0.24), although was not statistically significant (β, −0.09; P = .187). After removing the serial correlation using an AR (1) model (firstdegree correlation coefficient, ϕ1, 0.62), the contemporaneous association diminished (β, −0.04; P = .641) whereas a temporally lagged (9-12 days) linear association between any-type HPV and menstruation became significant (β, 0.19; P = .016). In particular, fluctuations in any-type HPV prevalence were positively associated with changes in menstruation data 9-12 days later (ρ, 0.36). In sensitivity analysis, we excluded 1 woman who reported the use of an intrauterine device at baseline and did not find differences in any of the aforementioned results.
DISCUSSION
Using HPV testing results from 595 vaginal swabs intensively collected by 21 women over a 16-week period, we found that point prevalence of HPV fluctuated greatly over a short time period, which was consistent with our and others' previous work [28] [29] [30] . We identified a cyclic pattern in which any-type HPV detection and HPV percent-type positivity altered approximately every 28 days, corresponding to the median length of menstrual cycles documented by the study participants. In addition, we showed a higher detection rate of HPV DNA of any type or of HR types around the time of ovulation than that in menstruation, confirming what Sherman et al [11] have observed in a much larger cohort with fewer follow-up swabs from a single participant. Given the high negative predictive value of HPV DNA testing [30] , our findings are unlikely to have any impact on the performance of HPV testing in routine cervical cancer screening. However, results of the current study contribute to a better understanding of host factors that may or may not affect HPV DNA detection as well as to natural history inferences regarding HPV infection status based on single versus multiple swab collection. Several factors may have contributed to the conflicting findings regarding the menstrual cycle effect on HPV prevalence in previous studies (Table 1) . First, studies with few swabs from the same individual made inferences based on testing results from random samples across 2 or fewer menstrual cycles of the same woman or from different individuals at various menstrual phases. In the former case, the traditional approach may fail to distinguish between the within-person correlation and a possible longer-term periodic effect; in the latter case, conventional regression techniques can fail to incorporate the within-person variation while addressing between-person variability. Considering the sample size of our study population and the stringent assumptions required by stochastic models (such as the autoregressive moving average model), we believe that the GEE model provides the most robust results because of its flexible working correlation assumption.
Second, various categorizations of menstrual phases and participants' varying cycle lengths have further complicated comparisons across studies (Table 1) . Last, while assessing potential interrelationships between concomitantly measured variables, 2 series of repeated observations can appear correlated simply because of similar temporal scales of autocorrelation or of sharing the same temporal trend. When the serial correlation in each time series data is not removed, spurious associations between HPV prevalence and other repeatedly observed host factors will result [22, 23] .
Researchers have proposed several potential mechanisms to explain the epidemiologic link between the menstrual cycle and detectable HPV DNA, including estrogen-facilitated proliferation and maturation of cervical epithelium making more shedding of virus-infected cells, hormone-enhanced viral replication, and a generally suppressed mucosal immunity at midcycle [11] . In-vitro evidence also suggests anti-inflammatory effects of exogenous sex hormones on peripheral blood mononuclear cells [31] [32] [33] [34] [35] [36] [37] . The resulting shift in immune and cytokine responses to viruses in the presence of reproductive hormones reportedly raises the risk of viral persistence, suggesting that sex hormone swings during a menstrual cycle could also affect viral detectability. Gajer and Brotman et al [20] also found that bacterial communities are more stable in the middle of the menstrual cycle, suggesting an interplay between the vaginal microbiota and HPV. Future studies utilizing molecular techniques will provide a refined estimate of the role of the bacterial communities in HPV detection studies.
Contrary to the current analysis, prior research has reported a protective effect of Lactobacillus spp. and an increase in susceptibility to viral infections when the normal microbiota is replaced by BV-associated bacteria [38] [39] [40] . A recent metaanalysis based on mostly cross-sectional studies has shown a positive association between BV and HPV [41] . However, the causal temporality remains inconclusive, as 2 prospective studies showed contradictory findings [42, 43] . Mao et al [42] performed a time-lag analysis and found that incident HPV infection predated incident BV in a cohort of young women aged 18-24, whereas Watts et al [43] showed that BV was associated with later-incident HPV infection in high-risk women enrolled b As there was no significant cycle-specific difference, we used a linear rather than categorical form for cycle adjustment in the final models.
c 67 swabs were excluded from the analysis due to gaps in this particular category for menstrual phases.
*P < .05; **P < .01.
in the Women's Interagency HIV Study (WIHS). This latter result was further supported by a recent prospective analysis of women enrolled in the HIV Epidemiology Research Study (HERS) [44] . In addition, prior work failed to adjust for possible serial correlation in the time series data such that previously reported associations might be misleading [15, 45] . There are several limitations in our approach. First, although this is one of the largest datasets measuring both HPV and multiple menstrual cycles, our statistics and inferences are limited by the small number of individuals in the study. Second, while many studies have confirmed the high concordance between self-collected samples and cervical-directed sampling on HPV detection [46] , we are unable to confirm that the same temporal variability would be observed at the more clinically relevant cervical epithelium. Third, the validity of the phase dependence of HPV DNA detection relied on how well the time metric used in the model (ie, day of cycle) could characterize each menstrual cycle for every individual over time. Without a definitive indicator for ovulation, phases of the menstrual cycle could only be identified approximately. Future investigations that use more specific phase indicators (eg, serum levels of sex hormones or phase-specific cytokines such as interleukin-1β [47] [48] [49] [50] ) may help elucidate the phase dependence of HPV detection. Fourth, although we attempted to capture the type-to-type variability among women with multiple-type infection by the use of HPV percent-type positivity, it was inevitably a summary measure. Future research may consider standard measurements of viral loads to further explore the link between the menstrual cycle and viral DNA detection.
In conclusion, we demonstrate that any-type HPV DNA detection varies within a menstrual cycle, with a higher probability of detection around the time of ovulation than in menstruation. In the current analysis, serially measured HPV prevalence was not statistically associated with sexual activities or Nugent-score BV. Overall, our findings add to the growing literature on the menstrual cycle effect on HPV testing performance.
Notes
